Abstract: Explosive evaporation occurs when a thin layer of liquid reaches a very high temperature in a very short time. At these temperatures homogeneous nucleation takes place. The nucleated bubbles almost instantly coalesce forming a vapour film followed by rapid growth due to the pressure impulse and finally the bubbles collapse. This effect, which already has proven its use in current inkjet printer technology, can be used to produce mechanical work. In this case it will be utilised to deflect a 25Ox250tm2 square and 1 pm thick low-stress silicon-nitride membrane. Within a few microseconds it can produce a pressure of several bar resulting in a membrane deflection of micrometers and a membrane speed of more than lm/s.
In order to have reproducible explosive evaporation it is necessary to apply an extremely high heat-flux to the liquid so that the fluid reaches temperatures near to the critical point [1] . At these temperatures the nucleation barrier is significantly lowered leading to homogeneous nucleation corresponding to spontaneous nucleation at numerous sites. Nucleated bubbles instantly coalesce forming a vapour film followed by rapid growth due to the pressure impulse and finally bubble collapse.
The dynamics of these bubbles are very complex and still a topic of research. There are several means by which the bubble dynamics can be investigated. Because the events occur in microseconds either high-speed cameras or stroboscopic imaging techniques are needed to visualize them [2] . The growing and collapsing bubbles also create pressure pulse which travels through the surrounding liquid and these pressure differences can be measured by an acoustic pressure transducer [3] .
In the past several actuators using a phasechange to provide work were designed. Thermopnuematic actuators use the increase in pressure due to evaporation of the working liquid in a closed system to deflect a membrane [4] . However in most designs bubbles are used to contain the vapour formed by evaporation. Yuan et al. [5] show that expanding and contracting bubbles can generate a flow in a channel and Maxwell et al. [6] use bubbles to manipulate bioparticles. The most successful application of explosive evaporation to provide useful work can be found in the inkjet printer [7] . In inkjet printers small droplets of ink are ejected from a nozzle due to the high pressure in vapour bubbles, generated by rapid heating of ink.
In this paper, we present the first thermopneumatic actuator, which uses explosive evaporation to deflect a membrane. On a microheater submerged in ethanol bubbles are generated by joule heating. The bubble nucleation and growth was imaged stroboscopically and the deflection of the membrane was measured by a laser interferometer.
DESIGN AND FABRICATION
The actuator, which is shown in figure 1 , can be divided into two parts. The top part contains channels for filling the cavity, a cavity and the membrane. The bottom part comprises the heaters and filling holes. Fabrication of the top part, made out of a 4-inch Si wafer, started with the deposition of a 1000nm LPCVD low stress silicon-nitride layer. The pattern of a cavity and channel structure was transferred to the wafer by removing parts of the silicon-nitride layer after photolithography. The silicon-nitride was used as a mask for KOH etching though the whole wafer. Etching stopped on the silicon-nitride on the front-side of the wafer leaving a big cavity covered with thin siliconnitride membrane. In this case the membrane was 250x250 tm2 and the volume of the cavity was 3 0.23mm3. The bottom part was made out of a pyrex wafer. Using lift-off the heater of 150nm thick sputtered platinum with a 10nm tantalum adhesion layer is deposited on this wafer. The heater had a length of 250 pm and width of 50 > m. Two filling holes to connect the filling channels to the out-side world where formed by powderblasting. In the last process step the wafers were anodically bonded and diced into 15x7,5mm2 samples.
EXPERIMENTAL SETUP
Two different types of measurements were conducted. Bubble nucleation and growth were imaged stroboscopically. For these measurements the silicon part of the actuator was removed, leaving only the platinum heaters on pyrex. This piece was placed in degassed ethanol and the heaters were connected to home-made pulse generator. This pulse generator also provided the pulse needed to fire a high-intensity LED for 2 ts. The length and time of the light pulse as well as the heating pulse could be set separately. A CCDcamera and microscope were used to image the bubbles. A complete sequence of bubble nucleation and growth was recorded by increasing the time difference between the start of the heating pulse and light pulse for every image. One has to keep in mind that every image corresponds to a single event. The time between each image was set to 1Os to ensure that all the bubbles had dissolved again and the liquid was again at ambient temperature.
The second set of experiments were conducted with a Polytec laservibrometer, which is able to measure the velocity-change of moving parts in real-time. In our case we used the vibrometer to measure the deflection and velocity of the membrane. A thin layer of silver was sputtered onto the normally transparent, membrane to improve the reflection of the laser. The sample was filled with ethanol and heating pulses were applied. The velocity and deflection of the membrane were measured in real time. The first image is taken 143 ts after the start of the heating pulse and there is a difference of 2 Figure 3 . Bubble nucleation at 3.7WV
The first image was now taken ts after the start of the heater pulse and the difference between each image was set to lts. The 3rd image shows a vapour sheet covering the slim part of the heater. The bubble nucleation thus occurred around 3 ts after the start and the vapour sheet suggest homogeneous nucleation.
The time of bubble nucleation was determined for applied powers between 0.4W and 4W and the results are shown in figure 4. The time it takes before bubble nucleation occurs decreases with applied power from 180ts to 3ts. After 124s the membrane starts to deflect and the membrane velocity increases to more than Im/s at 14ts. A maximum deflection of 3pm is reached within 16 ts, at this point the velocity of the membrane is Om/s. After this the membrane moves back reaching a downward speed of more than Im/s at 18ts. 20ts after the start of the heating pulse the membrane is again in its original position and only small decreasing oscillations around the normal position of the membrane could be detected. In figure 6 the surface profile of the membrane at moment of maximum deflection is shown. To determine the complete profile more than 50 individual measurements were combined. 
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The start of deflection should be in correspondence with the start of nucleation found from direct observation of the bubbles. For this C/ m reason the data sets for both experiments were plotted in figure 7 . This figure clearly shows that both events occur at the same time and thus it can be concluded that the membrane deflection is a result of pressure generated by a bubble. g:
It is known that the explosive evaporation is°t highly reproducible. This is confirmed by the smoothness of the surface profile shown in figure  6 . Because all points on the grid correspond with an individual measurement such a smooth profile can only occur when all the points have a maximum at the same time.
We estimated the pressure needed to get a 3ptm deflection for this membrane at 2 bar. To our best knowledge this is the first time the pressure generated by explosive bubble evaporation in a closed cavity has been determined. The vibrometer measurements show that 8ts after the first deflection returns to its initial state, because the bubble under the membrane will quickly collapse after the heating is stopped and finally it will completely dissolve in the surrounding liquid. The time it takes for a bubble to dissolve again will mainly depend on its size and shape. The rounded bubbles generated with low heating power will take much longer to dissolve than the thin vapour sheet, formed after homogeneous nucleation. This means that the actuator will work with high heating powers and short heating pulses.
The time between measurements with the stroboscopic imaging was 10s and for the membrane deflection the time between measurements was 1Oms. The time it takes for a bubble to dissolve is much shorter and thus the time between pulses could thus be significantly decreased. In theory this actuator should be able to operate in the same frequency range as the inkjet printer with a frequency up to 50kHz. It is not possible for this actuator to provide a continuous deflection, but it can give pulses. Therefore one can think about applications such as fast micropumps, loudspeakers and inchworm actuators.
